Lung adenocarcinoma (LUAD) is the most common type of non-small-cell lung cancer with the greatest mortality ([@bib22]). Stage I patients usually receive surgical resection only because platinum-based adjuvant chemotherapy (ACT) has not shown to be beneficial for IA patients ([@bib6]) and controversial for IB patients ([@bib27]). Stage II--IIIA patients usually receive platinum-based ACT after surgical resection, but only 4--15% survival benefit after ACT has been observed ([@bib29]). Heterogeneity of response to platinum-based ACT significantly confounds treatment of LUAD patients. Therefore, it is necessary to develop a clinically feasible signature to distinguish patients who might benefit from platinum-based ACT and those who should be spared the side effects of unnecessary treatment ([@bib23]).

Recently, considerable efforts have been devoted to developing predictive transcriptional signatures for platinum-based ACT. Most researchers firstly developed prognostic signatures for patients not receiving ACT and then demonstrated that only the high-risk patients predicted by the signatures showed significant survival benefit after platinum-based ACT ([@bib36]; [@bib5]; [@bib24]). Obviously, such prognostic signatures do not directly associate with patients\' response to platinum-based ACT. Different from this strategy, Ryan ([@bib28]) developed a 37-gene signature for distinguishing patients with shorter and longer survival after receiving platinum-based ACT and then defined them as non-responders and responders, respectively. However, the responders (or non-responders) predicted by the signature might include patients resistant (or sensitive) to platinum-based ACT but the tumour cells had a low (or high) degree of malignancy ([@bib8]). Therefore, to increase the relevance of signatures to platinum-based ACT, patient pathological response should be utilised. However, according to current RECIST criteria, a certain percentage of pathological response states of LUAD patients may be misclassified by the conventional iconographies especially near the cutoff points for the short-term reduction of tumour size after chemotherapy ([@bib11]; [@bib32]). This misclassification may blur the survival difference between pathological responders and non-responders after platinum-based ACT. Thus, we propose to use survival information to complement pathological response states to identify patients responsive to platinum-based ACT with survival improvement.

Another limitation of current transcriptional signatures is that they stratify patients based on risk scores summarised from the signature gene expression measurements ([@bib36]; [@bib5]; [@bib28]; [@bib24]). However, as demonstrated in our recent work ([@bib20]), the risk-score based signatures tend to be impractical for clinical settings because their application requires the pre-collection of samples for data normalisation to remove the experimental batch effects, whereas sample risk classification will be influenced by the risk composition of other samples adopted for normalisation. In contrast, the relative expression orderings (REOs) of gene pairs within a sample have been reported to be robust against to experimental batch effects ([@bib31]; [@bib20]) and variations of probe designs used in different platforms ([@bib12]), rendering them promising for developing robust gene pair signatures (GPSs) ([@bib9]; [@bib35]). In particular, the small sample sizes of LUAD patients receiving platinum-based ACT included in the publically available data sets deter the development and validation of a robust signature. Most data integration approaches are limited by the technical problem that batch effects widely exist among data sets produced by different laboratories ([@bib17]). In contrast, different data sets could be directly integrated based on the within-samples REOs ([@bib10]).

In this study, we combined the pathological response states and 5-year survival data to extract a REO-based signature for predicting platinum responders with improved 5-year survival rated after receiving platinum-based ACT. The signature was tested in an integrated independent data set and compared with three signatures developed based on patients\' survival solely.

Materials and methods
=====================

Data sources and data pre-processing
------------------------------------

All gene expression profiling data of LUAD tissues, as described in [Table 1](#tbl1){ref-type="table"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}, were downloaded from TCGA (<http://cancergenome.nih.gov/>) and the Gene Expression Omnibus (GEO, <http://www.ncbi.nlm.nih.gov/geo/>). For TCGA data ([@bib25]), the normalised count values of level 3 gene expression data derived from Illumina HiSeqV2 were extracted as gene expression measurements. The RNA-seq expression profiles of 60 patients receiving cisplatin or carboplatin ACT, including 43 pathological complete response (pCR) and 17 pathological non-response (pNR: stable disease or progressive disease) patients recorded with overall survival data, were used to extract a REO-based predictive signature. We found no other publically available data sets providing patients\' pathological response states for ACT. Therefore, we collected five gene expression data sets with the overall survival data of patients receiving ACT to test the predictive ability of the REO-based signature, based on the assumption that platinum response states would affect survival of patients receiving ACT. The five data sets were GSE42127 ([@bib24]), GSE14814 ([@bib36]), GSE29013 ([@bib33]), GSE68465 ([@bib21]) and GSE37745 ([@bib4]). Notably, 42 LUAD samples were included in both the GSE14814 and GSE68465 data sets. After excluding the repeated 42 LUAD samples, 119 stage IB--III patients receiving ACT and 242 stage IB--III patients not receiving ACT were obtained, which were used as the testing ACT and non-ACT groups, respectively ([Supplementary Data SA](#sup1){ref-type="supplementary-material"}). The data set of 59 cell lines of various cancer types with gene expression profiles and growth inhibition of 50% (GI~50~) data of cisplatin and carboplatin, respectively, were downloaded from the NCI60 (<http://dtp.nci.nih.gov/>; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

For data generated by the Affymetrix platforms, the Robust Multi-array Average algorithm ([@bib16]) was used for preprocessing the raw data. For a data set generated by the Illumina microarray platform, the originally processed data were used. All gene expression measurements were log2 transformed. The Entrez IDs were used to map genes across microarray platforms.

Differential expression and survival analyses
---------------------------------------------

The RankProd algorithm ([@bib15]) was used to identify differentially expressed genes (DE genes) between two response groups. The *P-*values were adjusted using the Benjamini--Hochberg procedure for multiple testing to control the false discovery rate (FDR; [@bib1]).

The 5-year survival rate of patients was used as the end point of interest. Patients with more than 5 years follow-up were censored at 5 years because deaths occurring past five years were not likely to be related to ACT. A multivariate Cox proportional-hazards regression model was used to evaluate independent associations between predictive factors and patient survival after adjusting for stage, age and gender. We adopted the concordance index (C-index; [@bib13]) to estimate the predictive performance of a signature for patient survival. Survival curves were estimated using the Kaplan--Meier method and were compared using the log-rank test ([@bib3]).

Developing the predictive GPS for platinum-based ACT
----------------------------------------------------

First, for a pair of genes, a and b, with expression values Ga and Gb, respectively, including at least one of the DE genes between pCR and pNR groups, we used Fisher\'s exact test to evaluate whether the frequency of pCR samples with a specific REOs pattern (Ga\>Gb) was significantly higher than that in pNR samples. The gene pairs detected with *P*\<0.01 were defined as response-related gene pairs. Then, for each of the response-related gene pairs, we estimated the association between its specific REO and patient survival by performing the multivariate Cox regression models, and its predictive performance by calculating the C-index values. Gene pairs identified as *P*\<0.01 and C-index \>0.75 were selected as candidates to develop a predictive GPS. For a candidate gene pair, the specific REO pattern (Ga\>Gb) in a cancer sample voted for response and the other REO pattern (Ga\<Gb) voted for non-response. Finally, based on the candidate gene pairs, we applied a forward selection procedure to search a signature that achieved the largest C-index value for predicting patient survival. We chose each candidate gene pair as a seed and added another candidate gene pair to a set one at a time until the C-index did not increase. The majority voting rule was adopted as follows: a sample was a responder or non-responder if more than half of the REOs of gene pairs in the set voted for platinum response or non-response. Among the results derived from all seeds, a set of gene pairs with the largest C-index was chosen as a predictive GPS for platinum-based ACT.

Clustering and functional enrichment analyses
---------------------------------------------

The K-means clustering algorithm was used to stratify patients into two subgroups (*k*=2). Sample similarity was estimated by the Euclidean distance based on the expression measurements of interesting genes.

The functional terms for enrichment analysis were downloaded from Gene Ontology (GO) in November 2015. The hypergeometric distribution model was used to test whether a set of genes observed in a term was significantly more than what expected by random chance. All statistical analyses were performed using the R2.15.3.

Results
=======

Identification of a predictive GPS for platinum-based ACT
---------------------------------------------------------

[Figure 1](#fig1){ref-type="fig"} describes the flowchart of this study. For the 60 LUAD patients receiving platinum-based ACT in TCGA, we found no significant difference in 5-year survival rate between the 43 pCR and 17 pNR patients (log-rank *P*=0.3250; [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). We suspected that some patients might be misclassified according to RECIST criteria and thus confound the survival difference between the true responders and non-responders. Nevertheless, the biological differences between the real responders and non-responders, especially those large differences, could be identified by comparing the two pathological response groups classified according to the conventional iconographies, given that a majority of samples were classified correctly. Therefore, we combined the data of pathological response and overall survival of patients receiving platinum-based ACT to select gene pairs that were related with both pathological response and overall survival.

Firstly, using the RankProd algorithm with 5% FDR control, we extracted 1352 DE genes between the 43 pCR and the 17 pNR patients. Then, from all the gene pairs consisting of DE genes, we extracted 24 305 response-related gene pairs, whose specific REOs patterns (Ga\>Gb) occurred more frequently in the pCR samples than in the pNR samples (Fisher\'s exact test, *P*\<0.01). From these gene pairs, we further extracted 12 candidate gene pairs whose specific REOs were significantly correlated with improved 5-year survival of patients (multivariate Cox regression model, *P*\<0.01) with C-index values above 0.75. Using each of the 12 gene pairs as a seed, we obtained 12 sets of gene pairs using a forward selection procedure, among which a set of three gene pairs derived from the seed of the *LOC81691*-*ZMYND10* pair reached the largest C-index of 0.84 based on the majority voting rule. Thus, the three gene pairs were selected as the predictive signature for platinum-based ACT, denoted as 3-GPS ([Table 2](#tbl2){ref-type="table"}).

3-GPS classified 37 and 23 patients into complete response (CR) and non-response (NR) groups, respectively, with significantly different 5-year survival rate (log-rank *P*\<0.0001; [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). As predicted by 3-GPS, five pNR patients reclassified as responders had tentatively higher 5-year survival rate than the 11 pCR patients reclassified as non-responders (log-rank *P*=0.1710; [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). We also compared the gene expression patterns of the reclassified samples with the other samples. First, we identified 1239 DE genes (RankProd algorithm, FDR\<0.05) between the 32 responders and 12 non-responders consistently classified by 3-GPS and their original pathological response states. Second, based on the expression measurements of the top 50 significant DE genes, 60 samples were classified into two subgroups using the K-means clustering algorithm ([Figure 2](#fig2){ref-type="fig"}). The result showed that all the five pNR patients were clustered with 30 of the 32 consistent responders, providing transcriptional evidence that the five patients might be responders. Similarly, 8 of the 11 pCR patients were clustered with 10 consistent non-responders. These results suggested that the two groups identified by 3-GPS had more distinct transcriptional patterns than the original pathological response groups, suggesting a better platinum response classification of 3-GPS.

Between the two response groups predicted by 3-GPS, 1814 DE genes were identified (RankProd, FDR\<0.05). These DE genes were significantly enriched in 73 GO functional terms (hypergeometric test, FDR\<0.05; [Supplementary Table S3](#sup1){ref-type="supplementary-material"}), including cell adhesion ([@bib7]), chemokine-mediated signalling pathway ([@bib34]) and positive regulation of cell proliferation ([@bib2]), which have been reported to be related with platinum resistance. In the cell adhesion term, more than 80% of DE genes were upregulated in the predicted non-responders, among which *LAMB2* is a known extracellular matrix glycoprotein promoting platinum resistance ([@bib18]). The other dysregulated functions, such as calcium ion transmembrane transport ([@bib14]) and regulation of interferon-gamma production ([@bib19]), might also be related with platinum sensitivity. In addition, we found 18 of the 1814 DE genes were also significantly correlated with GI~50~ values of cancer cell lines for carboplatin (Spearman correlation analysis, FDR\<0.2) based on the NCI60 data set. The concordance score, as described in detail in [Supplementary Data SB](#sup1){ref-type="supplementary-material"}, was 94.44% (binomial test, *P*\<0.0001), which meant that 94.44% of the up- or downregulations of the 18 DE genes in the predicted non-responders compared with the predicted responders could be explained by their correlations with platinum resistance. Similarly, we found 5 of the 1814 DE genes were also significantly correlated with GI~50~ values of cancer cell lines for cisplatin in the NCI60 data set, and the concordance score was 100% (binomial test, *P*\<0.0001).

Validation of the signature
---------------------------

First, in the testing ACT group, the 82 patients classified into the CR group by 3-GPS had significantly higher 5-year survival rate than the 37 patients classified into the NR group (log-rank *P*=0.0006, C-index=0.63; [Figure 3A](#fig3){ref-type="fig"}). Specifically, 3-GPS could also discriminate 5-year survival of 55 stage IB ACT patients (log-rank *P*=0.0055; [Figure 3B](#fig3){ref-type="fig"}) and 64 stage II--III ACT patients (log-rank *P*=0.0211; [Figure 3C](#fig3){ref-type="fig"}), respectively. Multivariate Cox analysis showed that 3-GPS remained significantly associated with 5-year survival rate of ACT patients after adjusting for stage, age and gender (*P*=0.0008, hazard ratio=0.33, 95% CI=0.17--0.63; [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). In contrast, in the non-ACT group, the predicted 156 CR and 86 NR patients had no survival difference (log-rank *P*=0.3796; [Figure 3D](#fig3){ref-type="fig"}). Similar results were observed for the 145 stage IB patients (log-rank *P*=0.2181; [Figure 3E](#fig3){ref-type="fig"}) and the 97 stage II--III patients (log-rank *P*=0.7047; [Figure 3F](#fig3){ref-type="fig"}) in the non-ACT group.

Then, we estimated the 5-year survival benefit from platinum-based ACT. In the predicted CR group, the 5-year survival rate of the 82 ACT patients was 72.30%, significantly higher than 50.30% for the 156 non-ACT patients, with a 22% absolute benefit (log-rank *P*=0.0019; [Figure 4A](#fig4){ref-type="fig"}). Specifically, the predicted responders showed 25.50 and 26.60% absolute benefits of ACT in the 5-year survival rate for stage IB (log-rank *P*=0.0142; [Figure 4B](#fig4){ref-type="fig"}) and stage II--III patients (log-rank *P*=0.0073; [Figure 4C](#fig4){ref-type="fig"}), respectively. In contrast, in the predicted NR group, patients receiving ACT had no significant survival benefit when compared with patients not receiving ACT (log-rank *P*=0.1348; [Figure 4D](#fig4){ref-type="fig"}). Similar results were observed for stage IB (log-rank *P*=0.1052, [Figure 4E](#fig4){ref-type="fig"}) and stage II--III patients (log-rank *P*=0.7317; [Figure 4F](#fig4){ref-type="fig"}).

Comparison of 3-GPS with three other signatures
-----------------------------------------------

We also compared 3-GPS with two published signatures, the 15-gene signature ([@bib36]) and the malignancy-risk gene signature ([@bib5]), which were both developed based on survival of patients without receiving ACT. The 12-gene signature ([@bib24]) cited in the Introduction was not analysed because its application to independent data needs resetting risk thresholds, which makes it a non-independent validation. The 37-gene signature ([@bib28]) developed based on survival of patients receiving ACT were not analysed because the author did not provide the predictive model. Briefly, for each of the 15-gene signature and the malignancy-risk gene signature, a risk score for a sample was calculated as a weighted sum of principal components based on the expression measurements of the signature genes ([@bib36]; [@bib5]). Notably, 26 and 117 non-ACT samples from the GSE14814 and GSE68465 data sets were excluded from the integrated testing data set, as they were used for training the two signatures. In the remained 119 ACT patients and 99 non-ACT patients in the integrated testing data set, the two signatures classified all samples into high-risk group when no *Z*-score normalisation was performed. This provided further evidence that this type of signatures would be unsuitable for direct application to individual samples without pre-collection of a set of samples for data normalisation, as reported in our previous study ([@bib20]). Even when *Z*-score normalisation was performed, the high-risk patients predicted by the 15-gene signature and the malignancy-risk gene signature showed 11.50 and 11.30% absolute benefits of ACT in 5-year survival rate, respectively, when compared with high-risk patients without receiving ACT. These absolute benefits were much lower than the 16.8% 5-year absolute benefit of ACT for the responders predicted by 3-GPS ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Developed based on survival of patients without receiving platinum-based ACT, the two signatures were just able to identify patients with poor prognoses who need adjuvant treatment but unable to identify patients who might be sensitive to platinum-based ACT. Thus, the high-risk patients predicted by them included ACT-resistant patients who would not benefit from ACT. In addition, we also developed a REO-based signature for predicting prognoses of patients receiving platinum-based ACT, following the same approach for developing 3-GPS but using only patients\' survival ([Supplementary Data SC](#sup1){ref-type="supplementary-material"}). The developed REO-based signature, consisting of five gene pairs, was denoted as 5-GPS. The result showed that the low-risk patients ('responders\') predicted by 5-GPS showed a 12.4% absolute benefit in 5-year survival rate after receiving ACT, which was also lower than the 16.8% 5-year survival absolute benefit of ACT for the responders predicted by 3-GPS ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). This could be explained by the possibility that the responders predicted by the signature developed only based on survival of patients receiving platinum-based ACT might include patients resistant to platinum-based ACT but the tumour cells had a low degree of malignancy, and these patients would not benefit from ACT. These results suggested that 3-GPS, developed by combining pathological response and survival data, had a better predictive performance than the signatures developed based on survival data solely.

Discussion
==========

In this study, combining the pathological response and 5-year survival data, we developed a REO-based signature consisting of three gene pairs (3-GPS), which could individually identify the platinum responders with higher 5-year survival rate after receiving platinum-based ACT. Currently, the survival benefit of platinum-based ACT for stage IB LUAD patients remains controversial ([@bib27]). Our results showed that platinum-based ACT significantly improved 5-year survival rate of the predicted stage IB responders (log-rank *P*=0.0142; [Figure 4B](#fig4){ref-type="fig"}), while not beneficial to the predicted non-responders (log-rank *P*=0.1052; [Figure 4E](#fig4){ref-type="fig"}). Thus, the application of 3-GPS might allow clinicians to select stage IB patients who should adopt platinum-based ACT. Although platinum-based ACT is a standard treatment for stage II--IIIA patients after surgical resection, the non-responders identified by 3-GPS could not benefit from platinum-based ACT (log-rank *P*=0.7317; [Figure 4F](#fig4){ref-type="fig"}), suggesting that these patients should adopt other treatments.

Notably, current platinum-based ACT is generally administered with other drugs for LUAD patients ([@bib30]). Recently, our study have proved that genes related to a single drug sensitivity could be identified in clinical samples of patients administered with combination ACT, given that the drugs used in combination had no or limited pharmacological antagonism ([@bib26]). In this study, based on the cell lines data for drug resistance, we demonstrated that DE genes between the responders and non-responders predicted by 3-GPS were concordantly correlated with both carboplatin and cisplatin sensitivity, providing a circumstantial evidence of the relevance between 3-GPS and platinum ACT.

In conclusion, the REO-based predictive signature for platinum-based ACT in LUAD patients can identify patients who may benefit from platinum-based ACT. Because the within-sample REOs are robust against to experimental batch effects ([@bib31]) and differences of probes designed for different platforms ([@bib12]), it would be possible to develop a customised microarray kit, with a similar reaction conditions for the microarray platforms analysed in this study, to measure the REOs of the three gene pairs for clinical application. It would also be possible to design a reverse transcriptase PCR kit to measure the REOs robustly ([@bib17]), which deserves our future experimental research. The robustness and simplicity of the REO-based signature would make it convenient in clinical settings and merits further validation in a prospective clinical trial.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on British Journal of Cancer website (http://www.nature.com/bjc)
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![**The flowchart of this study.** Combining the pathological response and 5-year survival data of 60 patients receiving platinum-based ACT in TCGA, we develop a REO-based signature. The signature was tested in an integrated independent data set and compared with three signatures developed based on patients\' survival solely.](bjc2016370f1){#fig1}

![**The K-means clustering of 60 patients receiving platinum-based ACT based on the top 50 differentially expressed genes between the responders and non-responders which were consistently classified by 3-GPS and their pathological response states.**](bjc2016370f2){#fig2}

![**The Kaplan--Meier curves of 5-year survival between different response groups predicted by 3-GPS in the testing data set.** (**A**) All patients receiving platinum-based ACT. (**B**) Stage IB patients receiving platinum-based ACT. (**C**) Stage II--III patients receiving platinum-based ACT. (**D**) All patients not receiving ACT. (**E**) Stage IB patients not receiving ACT. (**F**) Stage II--III patients not receiving ACT.](bjc2016370f3){#fig3}

![**The benefits of ACT in 5-year survival rate for the different response groups predicted by 3-GPS in the testing data set.** (**A**) All patients in the predicted CR group. (**B**) Stage IB patients in the predicted CR group. (**C**) Stage II--III patients in the predicted CR group. (**D**) All patients in the predicted NR group. (**E**) Stage IB patients in the predicted NR group. (**F**) Stage II--III patients in the predicted NR group. The 5 ys rate represents 5-year survival rate.](bjc2016370f4){#fig4}

###### Data sets analysed in this study

  **GEO ID(s) or data source**                                  **ACT**   **non-ACT**     **Platform**
  ------------------------------------------------------------ --------- ------------- -------------------
  TCGA-LUAD (The Cancer Genome Atlas Research Network, 2014)      60          ---       Illumina HiSeq V2
  GSE42127 ([@bib24])                                             38          61        Illumina WG-6 V3
  GSE14814 ([@bib36])                                             31          26        Affymetrix U133A
  GSE29013 ([@bib33])                                             19           9        Affymetrix Plus 2
  GSE68465 ([@bib21])                                             18          117       Affymetrix U133A
  GSE37745 ([@bib4])                                              13          29        Affymetrix Plus 2

Abbreviations: ACT=patients receiving adjuvant chemotherapy; LUAD=lung adenocarcinoma; non-ACT=patients not receiving adjuvant chemotherapy.

###### Composition of 3-GPS

  **Signature**[a](#t2-fn1){ref-type="fn"}    **REOs (Ga\>Gb)**[b](#t2-fn2){ref-type="fn"}   ***β***[c](#t2-fn3){ref-type="fn"}  ***P***[d](#t2-fn4){ref-type="fn"}   **C-index**
  ------------------------------------------ ---------------------------------------------- ------------------------------------ ------------------------------------ -------------
  Gene pair 1                                             *LOC81691\>ZMYND10*                              −5.56                 0.0133                               0.80
  Gene pair 2                                                *TREM1\>ANPEP*                                −2.43                 0.0450                               0.79
  Gene pair 3                                                 *ERN1\>FA2H*                                 −3.95                 0.0213                               0.77

Predictive model: a sample was determined to be responder if any two of the three gene pairs with the specific REOs (Ga\>Gb); otherwise, the non-responder.

Represents the REO (Ga\>Gb) more frequently occur in the pCR group than in the pNR; The statistics are calculated from multivariate Cox regression model.

*β* represents risk coefficient of REO (Ga\>Gb).

*P* represents the significance of the correlation between the REO (Ga\>Gb) and 5-year survival rate.
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